Abstract The optimal management of water resources requires that the collected hydrogeological, meteorological, and spatial data be simulated and analyzed with appropriate models. In this study, a catchment-scale distributed hydrological modeling approach is applied to simulate water stress for the years 2000 and 2050 in a data scarce Pra Basin, Ghana. The model is divided into three parts: The first computes surface and groundwater availability as well as shallow and deep groundwater residence times by using POLFLOW model; the second extends the POLFLOW model with water demand (Domestic, Industrial and Agricultural) model; and the third part involves modeling water stress indices-from the ratio of water demand to water availability-for every part of the basin. On water availability, the model estimated long-term annual Pra river discharge at the outflow point of the basin, Deboase, to be 198 m 3 /s as against long-term average measurement of 197 m 3 /s. Moreover, the relationship between simulated discharge and measured discharge at 9 substations in the basin scored Nash-Sutcliffe model efficiency coefficient of 0.98, which indicates that the model estimation is in agreement with the long-term measured discharge. The estimated total water demand significantly increases from 959,049,096 m 3 /year in 2000 to 3,749,559,019 m 3 /year in 2050 (p \ 0.05). The number of districts experiencing water stress significantly increases (p = 0.00044) from 8 in 2000 to 21 out of 35 by the year 2050. This study will among other things help the stakeholders in water resources management to identify and manage water stress areas in the basin.
Introduction
Water vulnerability is often estimated from the ratio of water demand and water availability, with water stress occurring when the local water demand exceeds the local water availability (Wada 2008) . Ledger (1972) pioneered the studies of water availability and water demand in a case study in Warwickshire Avon, England. However, Falkenmark (1989) was the first to have estimated water stress indices based on available freshwater resources and water per capita. Falkenmark's estimation did not account for industrial and agricultural water demand, but Oki and Kanae (2006) accounted for them in their estimation of water stress.
At continental levels, there are many macroscale hydrological models (MHMs) that have been developed to simulate water stress by using water availability and water demand (Takahashi et al. 2000; Vorosmarty et al. 2000; Oki et al. 2001; Alcamo et al. 2003a, b; Arnell 2003; Doll et al. 2003; Widen-Nilsson et al. 2007 ). However, due to their lower spatial resolution of 0.5°, the MHMs may not be suitable for catchment water vulnerability analysis. Catchment models such as MIKE-SHE (DHI 2000), MIKE-11 (Havnø et al. 1995) , HEC-RAS (Brunner 2008) , TOPKAPI (Ciarapica and Todini 2002) , TOPMODEL (Beven and Kirkby 1979) , MODFLOW (Baalousha 2012) , and LISFLOOD (Van Der Knijff et al. 2008) can be used to estimate water availability, but they lack water demand component. While these catchment models are powerful in the estimation of water availability, they are not suitable for long-term average water availability simulation. Moreover, they loosely model coupled relationship between surface water and groundwater.
POLFLOW is a catchment-scale hydrological model developed for the simulation of water and nutrient fluxes (De Wit 2001) . POLFLOW is embedded in PCRaster (Karssenberg 1996 (Karssenberg , 2002 language. Though the model has been developed for nutrient fluxes, the water flux component can be separated and used for another application. For instance, POLFLOW has been separately used for the estimation of changes in surface and groundwater resources (Jarsjö et al. 2004; Durdu 2005) . ''The long-term average total runoff, the groundwater recharge index, and the groundwater residence time are the determinant factors in the model'' (Durdu 2005 ). The POLFLOW model has also been applied in several other European river basins (De Wit 2001; Greffe 2003; Jarsjö et al. 2004; Durdu 2005) . Like other similar catchment models, POLFLOW lacks water demand component. This study extends POLFLOW water flux model with water demand module for the estimation of water stress for Pra Basin of Ghana.
In the Pra Basin, IPCC (2007) projected a slight increase in rainfall and 3-4°C increase in temperature by the end of the twenty-first century. How will climate change affect the basin's hydrology? Opoku-Ankomah (2000) used a lumped model, for the whole of the basin, to compute water vulnerability index using only surface water discharge and total population of the basin. Though the study computed vulnerability index of 442 persons/10 6 m 3 of surface water, it could not spatially identify those areas in the basin that are experiencing vulnerability. The complex relationship between water supply and water demand compelled Water Resources Commission (Water-Resources-Commission 2012) of Ghana to establish the Pra River Basin Board-a decentralized management body to facilitate the implementation of Integrated Water Resources Management (IWRM) . This body seeks to promote the coordinated development and management of water, land, and related resources in order to maximize the resultant economic and social welfare in an equitable manner without compromising the sustainability of vital ecosystems.
The main objective of the study was to develop a catchment-scale distributed hydrological model for simulation of water stress, for the years 2000 and 2050, in the Pra Basin, Ghana. The first specific objective was to estimate surface and groundwater availability. Secondly, the study extends POLFLOW model by adding a water demand model. The third objective was to compute water stress indices-from the ratio of water demand and water availability in the basin. The first hypothesis of the study is that there will be no significant difference between the estimated water demand in 2000 and 2050, while the second hypothesis is that the number of districts experiencing water stress in the basin will not significantly differ in the years 2000 and 2050.
Methodology
The study area
The Pra Basin with an area of 23,000 km 2 is one of the south-western catchments (Opoku-Ankomah 2000) that occupy 20 % of the land area of Ghana (Fig. 1) .
The basin is a home to four administrative regionsAshanti, Eastern, Western, and Central-as well as 41 districts in Ghana. While population in the basin increases from southern part to the north, annual rainfall and temperature decrease with increasing levels of evapotranspiration. These climatic elements are also seasonally based, which brings about frequent climatic and hydrological droughts in the dry season and flooding in the rainy season. The basin has a populated farmland and rapidly developing urban and suburban areas. Its agriculture is mainly rain fed, and there is high agricultural water demand for irrigation. There is also high industrial and domestic water demand due to economic growth and high population growth. Moreover, there are already some districts in the basin, though not urban, where water demand is outgrowing water availability or supply, and this is further exacerbated by the continuous growth of population and climate change. The basin is divided into three sub-basins and they include Offin river, Oda river, and Birim river. The Offin is found in the upper west of the basin, while the Oda is found in the middle part of the basin with Birim in the eastern part (Fig. 1) . The basin is also the home of the largest natural lake (Bosomtwe) in Ghana.
Theory and calculation
In this study, water stress is modeled by dividing water demand by water availability (Wada 2008) . The model is divided into 3 parts (and they are all captured in Fig. 2 ). The first part computes water availability by using POLFLOW (De Wit 2001) model; the second part extends the POL-FLOW model with water demand model. The third part involves modeling water vulnerability indices for the basin. In this study, POLFLOW model is extended by accounting for water demand/use in estimating long-term average water fluxes in Pra Basin (Fig. 2) . Moreover, this model unlike the original POLFLOW will estimate annual river discharge (Q) by including only part of groundwater recharge that is less than or equal to one year old because the model temporal framework is annually based (De Wit 2001 ).
Water availability estimation
From Fig. 2 , total runoff was estimated as:
where Q is the long-term average annual runoff (mm/year), P is the long-term average precipitation (mm/year), and E a is the long-term average actual evapotranspiration (mm/ year). There are two methods of estimating actual evapotranspiration in POLFLOW: (1) Wendland (1992) and (2) Meinardi et al. (1994) methods. Wendland (1992) calculated evapotranspiration by empirically relating it to soil and land cover through the use of crop coefficients. Meinardi et al. (1994) estimated actual evapotranspiration based on Turc (1954) precipitation and potential evapotranspiration (E p ) model as:
Langbein (1949) estimated E p as a function of long-term temperature (T,°C) as: Fig. 1 The location of the study area Appl Water Sci (2017) 7:137-153 139 It can be seen in Fig. 2 that total runoff (Q) is also equal to:
where R s is surface runoff and soil interflow contribution, R gw is amount of precipitation surplus available for groundwater recharge. The groundwater recharge (GW) (Jarsjö et al. 2004 ) was estimated as:
where f gw is groundwater index. The surface runoff in Eq. (4) was estimated as:
f gw = if(groundwater level near the surface then, water, elseð1 þ ð3ðslope þ 0:0001ÞÞÞ:
The deep groundwater recharge index (f dgw ) was described as a function of aquifer type, texture of the top soil, groundwater level, slope, and land use:
where ''aq'' is related to aquifer characteristics, ''so'' is related to soil characteristics, and ''lc'' is related to land use characteristics (Tables 1, 2) . Once groundwater recharges were computed, the residence time-the time it takes for underground water to join surface water-was computed as a function of groundwater (Wendland 1992) :
Wendland (1992) provided empirical average values of primary effective porosity and conductivity of aquifers. Average shallow groundwater residence time was estimated as:
where RT sgw is the average shallow groundwater residence time (year), lp is the average length of underground flow path (m), and 360 is a conversion factor (days per year). The distance parameter can be estimated as a function of the stream density:
where ns is the number of streams per km 2 and 1000 is a conversion factor from kilometers to meters. If there is no stream density map, ''ns'' can be estimated as: ns ¼ if water; then; 2; else
The final part of water fluxes as shown in Fig. 2 is the deep groundwater residence time, and it was estimated as:
where RT dgw is the average deep groundwater residence time (year), tp is the total effective aquifer porosity (m 3 / m 3 ), at is the aquifer thickness (m), f dgw is the long-term average deep groundwater recharge (mm/year), and 1000 is a conversion factor (mm to m).
Water demand estimation
The total water demand in the Pra Basin comprises domestic water demand, industrial water demand, and agricultural water demand. Domestic water demand was estimated as:
where D dom is annual domestic water demand (m 3 /year), P district is annual population of a district, and per capita is per capita water demand (liters/capita/day). The numbers 365 and 1000 are to convert it from day to year and liters to m 3 , respectively. Average per capita water demand in the Pra Basin has been estimated by Opoku-Ankomah (2000) to be 65 l/c/d.
There are limited lumped data on industrial water demand in the basin. The data on large-scale industrial water demand (Table 3) were extracted from EPA (2000) . All the large annual-scale industrial water demand was computed by multiplying the demand by 310 working days. Smallscale industries, however, are common in the basin, but there were no data on them. Small-scale water demand was estimated based on the proportion of the working population in the industries (Table 5) . In developing countries, it has been estimated that 4.3 % of water use is industrial as against 12.6 % for domestic (Wada 2008) . Therefore, industrial water demand at district level was estimated as:
where D industry is small-scale industrial demand in a year (311 working days), A is average proportion of industrial economic activities in a district (computed from Table 5 ), 4.3 is percentage of industrial water use in developing countries (Wada 2008) , 0.34 is the ratio between industrial water use in developing countries (4.3 %) and domestic water use (12.6 %). Agricultural water demand consists of livestock water demand and irrigation water demand. There were no data on livestock water demand, and it was estimated based on 6 % of rural water demand as (Water-Resources-Commission 2012):
where P rural is population of rural areas in each district. Large-scale irrigation water demand data were abstracted from EPA (2000). The main irrigation dams and their water demand are listed in Table 4 . ''Informal urban and peri urban irrigation is practiced around some towns in the basin. There is little data on the overall extent of this informal irrigation in the basin. However, it is estimated that there are at least 12,700 smallholders irrigating more than 11,900 ha in the dry season around Kumasi [Metropolitan Assembly] alone, which is more than the area currently functioning under formal irrigation in the whole of the country.'' (Water-Resources-Commission 2012) . Just like industrial water demand, informal irrigation water demand was estimated as:
where D irrigation is an informal irrigation water demand in a year (311 working days), A is an average proportion of agricultural activities in a district (computed from Table 5 ), 83 is percentage of agricultural water use in developing countries (Wada 2008) , 19 is the ratio between agricultural water use in developing countries (83.1 %) and domestic water use (12.6 %). The total water demand is the summation of domestic, industrial, and agricultural water demand:
Water stress estimation
Water stress was computed based on the scenario that all the demand will be met by surface water only (Eq. 20), groundwater only (Eq. 21), and from both surface and groundwater (Eq. 22).
The 2050 scenario analyses
The model also simulated 2050 water stress based on the following scenarios:
• There is a climate change with a decrease in precipitation relative to historical data and referred to as ''drier'', i.e., a 10 % reduction in precipitation relative to the reference situation was applied.
• There is a climate change with an increase in precipitation relative to historical data and referred to as ''wetter''. In this case, a 10 % increase in precipitation relative to the reference.
• There is a climate change with 1°C increase in temperature.
For each scenario, the population of the district is computed based on the growth rate as Pra Basin Baseline Study Report-2010
where R is percentage growth rate for each district (i), P is the population of a district, and n is the difference between the years 2010 and 1995 (n = 15 years) The 2050 projected population (P 2050 ) status for each district was then estimated as:
where R i t is growth rate for each district over time, e is natural log.
Input data
The data for the model were retrieved from Ghana Hydrological Services, Meteorological Services of Ghana, Water Resources Commission of Ghana, and Districts and Municipal assemblies. The data from ''Ghana at glance'' also provided input variables such as land cover, soils, geology, and vegetation (Owusu 2014). The weather data were retrieved from three weather stations: Kumasi, Dunkwa, and Oda (Fig. 3) . The SRTM DEM (NASA 2004) was used in this study (Table 6) .
Model output
The model output includes the following maps:
1. Long-term average total runoff. 2. Groundwater recharge indices. 3. Groundwater residence time. 4. Water demand. 5. Surface water Vulnerability index. 6. Groundwater Vulnerability index. 7. Total Vulnerability index.
Model calibration and validation
The POLFLOW model was calibrated and validated by dividing the weather and discharge data into two: 1990-1995 and 1996-2000. The long-term annual average of 1990-1995 data was used for calibration, while 1996-2000 was used for validation. The parameters were first optimized at calibration stage, and at the validation stage, the optimized parameters were used with the validation data. The POLFLOW model was calibrated by manually tuning aquifer index (f aq dqw ), primary porosity (pp), conductivity of the aquifer (ca), soil type index (f so dqw ), and land cover index (f lc dqw ), as shown in Tables 1 and 2 . Several runs of the model were performed for the various combinations of the parameters. The optimized parameters' values are shown in Table 7 . The soil and land cover map of the study areas are shown in Fig. 3 . The estimated value of groundwater recharge was also compared with EPA (2000) values. The estimated water demand values were compared with Gyau and Adom (EPA 2000) estimation. The estimated water stress indices were compared with Opoku-Ankomah (2000) estimation.
Evaluation of the model
The performance of the hydrological model was statistically evaluated based on nine observed records at the following substations (Fig. 2): • Outflow point at Deboase.
• Mfensi and Dunkwa hydro-stations on Offin tributary.
• Konongo and Anwia-Nkwanta on Oda tributary.
• Bunso and Akim Oda on Birim River.
• Assin-Praso and Twifo Praso on the main Pra River.
The statistical criteria of the evaluation were based on the analysis of residual errors, i.e., the difference between observed (measured) and simulated values. The normalized root mean square error (NRMSE) and the Nash-Sutcliffe model efficiency coefficient (NSE) (Nash and Sutcliffe 1970; Moriasi et al. 2007 ) were computed as: 
Results

Modeled versus measured discharge
The model estimated a long-term annual discharge of Pra river at the outflow point at Deboase station to be 198.187 m 3 /s as against long-term average measurement Figure 4 shows the relationship between modeled and measured discharge at nine substations in the basin. The normalized root mean square error (RMSE) was 1.6 %, and Nash-Sutcliffe model efficiency coefficient was 0.98 for the calibrated model. At the validation stage, the root mean square error (RMSE) was 2.5 %, while Nash-Sutcliffe model efficiency coefficient was 0.93; this indicates that the model estimation is in agreement with the longterm measured discharge.
Modeled total runoff, quick runoff, and total groundwater recharge Figure 5 shows the estimated total runoff (Eq. 1), quick runoff (Eq. 6), total groundwater recharge (Eq. 5), and deep groundwater recharge of the basin. The groundwater recharge rates, just like the total runoff and quick runoff, tend to be lower in the northern part of the catchment. The estimated minimum, average, and maximum total runoff for the Pra Basin is 175.88, 297.87, and 489.46 mm/year, respectively. The estimated average quick runoff, total groundwater recharge, and deep groundwater recharge for the basin is 97.60, 200.27, and 85.15 mm/year, respectively.
Estimated groundwater recharge indices and groundwater residence times
The estimated minimum, average, and maximum total recharge index for Pra Basin was, respectively, 20, 67, and 99 % of water surplus (Eq. 1), leaving the average quick runoff coefficient to be 33 % of the water surplus (Fig. 6) . Spatially, the proportion of water surplus (Eq. 1) that is available for groundwater recharge ranges mainly from 60 to 100 % in the lowland gentle slope areas (Fig. 6) . The estimated minimum, average, and maximum deep groundwater recharge index for the Pra Basin is, respectively, 0, 28, and 52 % of water surplus (Fig. 6 ). The average shallow groundwater residence time is 1.23 years, while the average deep water residence time is 125 years. The shallow groundwater residence time (Eq. 10), the time it takes for water to join an adjacent stream, is mainly less than 2 years, with a minimum of 0.0076 years (2.75 days), but deep groundwater residence time (Eq. 13) is predominately greater than 50 years (Fig. 6 ).
Estimated and projected water demand 
Water stress
The average surface water stress Index was estimated as 0.0385 and 0.150 for the years 2000 and 2050, respectively, and the difference is significant (p = 0.00043). The average groundwater stress was estimated as 0.055 and 0.15, and the difference is significant (p = 0.00044). There is, however, high spatial distribution of water stress in both years with some areas such as Kumasi Metropolitan Area and Kwabre districts registering maximum index of 1, i.e., more areas are likely to experience higher water stress in 2050.
Discussions
The study estimated water stress based on stream and groundwater discharge and water demand. The discharge estimation was in agreement with the measured discharge, with Nash-Sutcliffe model efficiency coefficient of 0.98. The high accuracy of the modeled discharge may be due to a slight modification in computation of discharge. Thus, whereas other POLFLOW researchers (De Wit 2001; Jarsjö et al. 2004; Durdu 2005 ) simulated the accumulated discharge of Eq. 1 with the measured discharge, this study divided the accumulated discharge in Eq. 1 into quick runoff and delayed runoff (Shallow and Deep groundwater), and only delayed runoff with a residence time less than or equal to 1 year was accumulated with the quick runoff to simulate total river discharge. This approach Fig. 6 The estimated groundwater recharge indices (-) and groundwater residence times (years) of Pra Basin. Note: the light tone colors (yellow) for shallow groundwater and deep groundwater are higher than 2 and 250 years, respectively helped in the calibration of velocity, conductivity, soil characteristic, and aquifer characteristics as in Eqs. (7-13) ( Table 7) .
The estimated mean daily groundwater recharge of 0.548 mm/day in this study is slightly higher than what WatBal lumped model estimated as 0.456 mm/day (EPA 2000) . This may be due to the fact that this study used higher rainfall values with a mean of 1300 mm/year, while WatBal used only 1099.80 mm/year for the whole basin (EPA 2000) . It must be emphasized that this study developed a distributed model with different rainfall values for 12 zones with minimum and maximum values as 1050 and 2150 mm/year, respectively.
The potency of this study in assessment of water stress depends on an accurate estimation of domestic water demand because industrial water demand is also related to it (Eqs. 14, 15) (Wada 2008 study, there is a possibility of a significant increase in domestic water demand (p = 0.0006), industrial water demand (p = 0.0016), and agricultural water demand (p = 0.0003) by the year 2050. Surface water availability, groundwater availability, and total water stress were separately computed because of the water use pattern in the basin. Most of the smaller communities depend on groundwater boreholes, while the larger communities depend on surface water withdrawal. In this study, annual surface water estimation includes about 90 % of shallow groundwater resources that have residence time less than or equal to 1 year. Therefore, without adding groundwater resources to compute total groundwater stress, the usage of surface water stress will be sufficient in accessing water stress in the basin. Using Kundzewicz et al. (2007) explanation of water stress indices (Table 8) , three districts in the basin that include Kumasi Metro, Asikuma/ Odoben/Brakwa, and Komenda/Edna/Eguafo/Ebire 
Conclusion
The POLFLOW model has been mainly developed to estimate nutrient concentration in a catchment (De Wit 2001; Jarsjö et al. 2004; Durdu 2005) . In this study, the POLFLOW model has been adapted, modified and extended to estimate water availability, water demand, and water stress in the Pra Basin of Ghana. The estimated river discharge is in agreement with the measured discharge. The shallow and deep groundwater recharge and residence times were also estimated. Most of the shallow groundwater drains into the adjacent stream in less than 2 years, while it takes longer time for deep groundwater to join the streams. The total water demand estimation was divided into domestic, industrial, and agriculture. The estimated total water demand significantly increased from 2000 to 2050; therefore, the first null hypothesis which states that, ''there will be no significant difference between the estimated water demand in 2000 and 2050,'' is rejected. The number of districts experiencing water stress will significantly increase from 8 in 2000 to 21 out of 35 districts by the year 2050; therefore, the second null hypothesis which states that ''the number of districts experiencing water stress in the basin will not significantly differ in the years 2000 and 2050,'' is rejected. Though POLFLOW is Fig. 8 The estimated surface and total water stress indices (Rws) of Pra Basin. The total water stress indices were estimated by dividing total water demand by the sum of groundwater resources and surface water resources in the basin. Legend: Rws \ 0.1 = no stress; 0.1 \ Rws \ 0.2 = low stress, 0.2 \ Rws \ 0.4 = moderate stress; 0.4 \ Rws \ 0.8 = high stress; 0.8 \ Rws = very high stress (Wada 2008) mainly used to estimate nutrient concentration, this study has demonstrated that it can be modified to model water stress in the tropics.
